This study focussed on a comprehensive investigation on the state of pollution and identification of potential sources of contamination of some river sediments in Serbia by polycyclic aromatic hydrocarbons (PAHs), and is the basis for setting up further monitoring programs. The sediment quality of the Danube River (km 1433-845) and its tributaries in Serbia, including the Sava River (km 202-1), were analysed with respect to PAHs and total organic carbon (TOC). We found that total PAH concentration in the sediments from the Danube and its tributaries (10.0-4140 µg kg -1 ) was lower than total PAH concentration in Sava River sediments (265.1-11272 µg kg -1 ). Principal component analysis showed that concentrations of benzo[a]anthracene, chrysene, pyrene, fluoranthene, indeno[1,2,3-cd]pyrene, benzo[a] pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene in the sediments were correlated with TOC. The diagnostic ratios anthracene/(anthracene+phenanthrene) and fluoranthene/(fluoranthene+pyrene) were calculated to evaluate the emission sources of the PAHs. Therefore, these ratios indicated the predominantly pyrogenic source of the PAHs in the sediments. Results have also shown that river sediments in the Danube and Sava rivers and their tributaries were not recently polluted with PAHs, excluding only one location -S4, downstream of Šabac and characterized by heavily polluted sediment.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that are mostly colourless, white or pale yellow solids. They are a group of several hundred chemically related compounds, environmentally persistent, with various structures and different levels of toxicity. PAHs enter the environment through many different routes and disperse through air and water as a result of many human activities. In nature, they are usually found as a complex mixture of two or more compounds [1] [2] [3] [4] .
The sources of PAHs that enter the environment are numerous and can be natural or synthetic. The major PAH sources in the environment are pyrogenic, petrogenic and biological. When organic substances (i.e., fossil fuel or biomass) are exposed to high temperatures under no oxygen or low oxygen conditions, pyrogenic PAHs are formed [5] . The main sources of pyrogenic PAHs are different industrial processes, urban runoff, oil spills, combustion emissions and ship traffic -all of which are anthropogenic input. Additional anthropogenic sources include vehicle exhaust emissions, tire degradation, industrial emissions from catalytic cracking, air blowing of asphalt, coking coal, domestic heating emissions from coal, oil, gas and wood, refuse incineration and biomass burning [6] [7] [8] . Thus, these PAHs are usually found in higher concentrations in urban areas and commonly distributed by atmospheric deposition as well as urban runoff. Petrogenic PAHs, on the other hand, are formed during crude oil maturation and similar processes. They are introduced into the environment naturally by oil seeps, or anthropogenically by the spills of crude or refined petroleum products [9] [10] [11] [12] [13] [14] [15] [16] [17] . Finally, PAHs can be the products of some bacteria and plants, and thus they are called biologically produced PAHs [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] . Based on physical, chemical and biological properties, PAHs are classified into high molecular weight (HMW, 4-6 rings) and low molecular weight (LMW, 2-3 rings) types. Some PAH ratios and indices can indicate the sources of the PAHs that occur in sediments or other environments [18, 19] . In aquatic environments, a common indicator of weathering is the low molecular weight/high molecular weight (LMW/HMW) ratio. PAH profiles can be used to distinguish these two origins; pyrogenic PAHs are generally characterised by the dominance of HMW, over those with LMW [20] .
Urban development often results in physically modified rivers, for example, for navigation as well as minimisation of flooding [21] . On the other hand, urban rivers are frequently contaminated as a result of anthropogenic activities like shipping, road use and industrial discharge, but also they often receive discharges from urban drainage networks [22, 23] . Consequently, the aquatic ecosystem becomes polluted with different contaminants, but also with PAHs that can represent serious problem due to the toxicity and accumulative behaviour [24] [25] [26] [27] [28] . They accumulate in river sediments, making them continuous sources of toxic and hazardous substances that can affect aquatic organisms, wildlife and finally humans through the food chain [29] . If the sediment is disturbed, it can be resuspended and contaminants can enter the water and affect the whole ecosystem [30] .
Existing PAHs in the environment are an ecological issue, since they are dangerous for humans. Considering living organisms, most PAHs have toxic, mutagenic, and/or carcinogenic properties, where the level of toxicity depends on the number of rings. They interfere with the function of cellular membranes and membraneassociated enzyme systems, leading to numerous dysfunctions in the human body [31] . Taking [32] . Understanding the different mechanisms by which PAHs are introduced into the environment can help to limit human exposure to these compounds.
The total organic carbon (TOC) in a sediment is an important parameter during environmental evaluation because it is an indicator of pollution and eutrophication rate. That rate is proportional to the content of organic matter that is the primary source of food for benthic organisms in aquatic environments. However, too much organic matter can cause oxygen depletion in the sediment and the overlying water layer and can have harmful effects on benthic organisms and fish. PAH behaviour in sediment is controlled by the compounds' stable absorption on the surface of the sediment. PAHs with three or more rings tend to be strongly absorbed, first onto aggregates smaller than 50 µm. However, the fact is that PAHs show a strong affinity to organic matter content, and concentrations of PAHs in sediments are controlled by the organic matter content [33, 34] . Many studies have shown a positive correlation between PAHs and TOC, even though it is not completely clear which part of TOC plays a key role in controlling PAH distribution in sediments [35] .
For a preliminary risk assessment, the contents of PAHs in this study were compared to Dutch recommendations and Serbian regulations of pollutant substances limit values in surface water, groundwater and sediment (Circular on Target Values and Intervention Values and Intervention Values for Soil Remediation Netherlands Government Gazette, 2000 and Official Gazette of RS, 50/2012, in Serbian). Dutch standards and Serbian legislation for contaminated sediments correspond to class 0 (non-polluted), class 1 (slightly polluted), class 2, (moderately polluted), class 3 (heavily polluted) and class 4 (extremely polluted sediment) [36] . A total of 16 PAHs were examined, and 10 were analyzed for the purpose of classifying according For the purpose of this study, the data were obtained during 2008 and 2013. The aim of this research was to provide important information on PAH levels in surface sediments of the Danube River and Sava River, but also to identify possible sources of polycyclic aromatic hydrocarbons and to monitor the pollution of aquatic ecosystems. Principal component analysis was utilised to investigate the relationships of the PAHs studied with TOC in the sediments, while the likely origins of the PAHs in the sediments were considered using ratios of specific PAHs.
Study Area
The Danube is the second-longest (~2,800 km) river in Europe. It rises in the Black Forest region of Germany and reaches its discharge point in the Black Sea, running through central and Eastern Europe. The Danube's total catchment area (801,500 km 2 ), encompasses 19 countries and is home to 81 million people. In Serbia, the Danube is 588 km long.
The Sava is 945 km long, rises in Slovenia, enters Serbia at 210.8 km and ends at its confluence with the Danube, joining its right bank at 1169.9 km in Belgrade, Serbia. The Sava is the largest Danube tributary by discharge (1,564 m 3 s -1 average) and the second largest by catchment area. The Sava River basin covers 95,700 km 2 of land in former Yugoslavia, before discharging into the Danube at Belgrade, Serbia. For the supply of drinking water, both large cities and small villages in the Sava catchment area rely on ground water. Only Belgrade, the Serbian capital, uses both ground water and river water. Activities such as agriculture, forestry, electric power generation, sport and recreation occur in and around this river. Furthermore, changes in the water environment caused by industrialisation and human activity have affected the ecological system of the Sava catchments [37] .
Pollution by PAHs in the Danube and the Sava River basins has been reported in many studies. The PAHs in the Danube and Sava sediments in Serbia are currently analysed by official control networks as well as scientific research. Such pollution monitoring has also involved analysing different quality criteria [36, 38] . Twenty-one sampling sites were chosen along a 573 km stretch of the Danube in Serbia, from Bezdan (river-km 1425) down to Radujevac (river-km 852). One of the main tributaries of the Danube is the Sava. Hence, 10 sampling locations were selected along the Sava, encompassing a 202 km-long reach of the river, from Jamena (river-km 202) to its outfall into the Danube River, Kapetanija (river-km 1). The sampling points are presented in Fig. 1 and Table 1 .
The study also took into consideration the influence of the large tributaries of the Danube (the Tisa, the Sava, and the Velika Morava rivers). The following Pek, as well as Kolubara, a Sava tributary. The sediment samples were taken from July 2016 to October 2016: 18 from the left bank and 10 from the right Danube bank (the number of samples is different due to the availability/unavailability of individual sampling points), and 8 from the left and 8 the from the right Sava bank, and 10 from the middle rivers and 12 from tributaries of the Danube River. Sampling was performed using a grab sampler (Van Veegrabs Eijkelkamp), at a depth of 0-10 cm from the top of the sediment surface, in accordance with standard procedures [39] .
Materials and Methods
The fine fraction (<63 μm) sieved from each sediment was analysed for 16 PAH compounds, according to ISO 18287:2006, method B [40] , which called for 10 g to 25 g of the field-moist sample sediments being weighed in a 500 ml conical flask. After adding 1 ml of the mixed internal standard solution (10 μg of each deuterated PAH) and subsequently 50 ml of water, 40 g of sodium chloride, 100 ml of acetone, and 50 ml of petroleum ether to the test sample. Then the flask was closed with the screw cap provided with a polytetrafluoroethylene inlay and extracted by shaking thoroughly on a shaking machine for at least 6 h. After precipitate appeared, the supernatant organic layer was decanted into a conical flask and the extract was dried over anhydrous sulphate for 1 h. An aliquot (30 ml) of the dried extract was transferred to the concentration apparatus and 100 μl of isooctane was added for protection. Then the aliquot was concentrated to about 2 ml using a water bath set at 40ºC, with the concentration apparatus under reduced pressure. The last concentration step was performed using a gentle stream of nitrogen at room temperature. The solution, which was then suitable for GC-MS analysis, contained nominally 1 μg ml -1 of each of the deuterated PAHs. An adsorption column was prepared by placing a small plug of glass wool at the bottom of the chromatographic tube and packing it dry with 4 g of silica gel. About 1 cm of anhydrous sodium sulphate was added to the top of the column. To condition the column, it was eluted with 10 ml of petroleum ether. As soon as the elution solvent reached the top of the column packing, the concentrated extract (2 ml) was transferred to the top of the column using a Pasteur pipette. The concentrator was rinsed twice with 1 ml of the elution solvent and transferred to the top of the chromatographic column. It was eluted with approximately 70 ml of petroleum ether and the eluate was collected in a point-shaped, calibrated test tube. Then 100 μl of isooctane was added and the solution concentrated at room temperature under nitrogen to about 0.5 ml. An appropriate amount of cyclohexane was added to obtain a defined volume (2 ml) of the final solution. This final solution, which was suitable for GC-MS analysis, contained nominally 1 μg ml -1 of each of the deuterated PAHs as the internal standard.
Quantitative analysis of the sediment extracts was carried out by gas chromatography with a mass spectrometer detector attached. Concentrations were determined for 16 PAHs in all sediments using a Hewlett Packard (HP) 6890 series II GC, equipped with HP 5973 mass selective detector (MSD) and HP-5MS capillary column (30 m × 0.25 mm i.d. with 0.25 μm film thickness). The splitless injection of 1 μL of sample was conducted using the autosampler HP 6890. The column temperature started at 60ºC (2 min hold), followed by an increase to 310ºC at 7ºC min -1 with a final holding time of 20 min. The carrier gas was helium at flow rate of 0.8 mL min -1 .
Quantification was performed using the internal calibration method based on a five-point calibration curve for individual components. Method blanks (solvent), spiked blanks (standard spiked into solvent), matrix spikes/matrix spike duplicates, sample duplicates and standard reference material (CRM 141) [41] were routinely analysed with the sediment samples.
TOC in sediment was determined by using an Analytik Jena AG-multi EA 2000 elemental analyzer in accordance with method SRPS EN 13137:2005. Sediment pH was measured according to the SRPS ISO 10390:2007 method using a pH meter (Orion 5-multistar) with a glass electrode in a 1:5 (volume fraction) suspension of sediment in water. Data was statistically processed using CANOCO for Windows, Version 5.0. Principal component analysis (PCA) was used to show the relationship between the 16 PAHs and the supplementary variables: side of the rivers (left or right), pH and TOC.
Indicative and Target Levels of Sediment Contamination
Indicative levels for serious sediment contamination and the accompanying target (Dutch and Serbian legislative) values for soil/sediment are presented in Table 2 . The given concentrations are from a standard type of sediment with 10% organic matter and 25% clay. For the target value, maximum allowable concentration (MAC) and intervention value of PAH, no soil type correction factor was used for sediments with an organic matter content of up to 10% or for sediments with an organic matter content above 30%. For sediment with an organic matter content up to 10% a value of 1 was used (40 mg kg -1 ), and for soils with an organic matter content from 30% upwards a value of 3 was used (120 mg kg -1 ). For organic matter content between 10% and 30%, the following soil type correction formula was used:
(SW)b = 1 x (% organic matter/10), (IW)b = 40 x (% organic matter/10) …in which (SW, IW)b = target value, the intervention value for the soil to be assessed % organic 
Results and Discussion

PAHs
In the river sediments PAHs are presented in Tables  3-5 and ranged from 10 to 4140 µg kg -1 in Danube River sediments and its tributaries. PAH concentrations in sediments from the Sava were higher than those The PAH concentrations ranged from 10 to 4140 µg kg -1 in tributaries of the Danube. Furthermore, PAHs in sediments from the Sava were higher than those determined for the Danube and ranged from 265.1 to 11272 µg kg -1 .
Graphic representations of the concentrations of PAHs in Danube and Sava sediments are given in Fig. 2 .
PAHs in the river sediments were under the limits allowed by Dutch legislation (target and MAC values; Table 2 ), excluding the Sava River sediment taken downstream of Šabac.
The TOC in sediments from the Danube and its tributaries ranged from 10.0 mg g -1 to 43.8 mg g -1 ( Table 6 ). The pH of sediments from the Danube and its tributaries ranged from 7.63 to 8.15.
TOC levels in Sava sediments ranged from 11.1 mg g -1 to 22.7 mg g -1 (Table 7) , while pH ranged from 7.76 to 8.10.
To estimate the vulnerability of PAHs to abiotic and biotic degradation, and their toxicity and effect on humans, evaluation of sediment's physicochemical characteristics is very useful [42] . TOC is often positively correlated with organic contamination, while biochemical degradation of PAHs depends on the pH of the environment. Therefore, determining a sediment's physicochemical characteristics and the consequent possibility of PAH degradation is an important indicator for judging the effectiveness of any bioremediation process. The evaluation of PAH behaviour and the sediment physicochemical characteristics (pH and TOC) are relevant to bioavailability, environmental protection, multi-media partitioning behaviour and resistance to biotic and abiotic degradation [43, 44] . PCA was used to study the relationship between PAHs, side of the river, TOC and pH, and is presented in Fig. 3 . A higher concentration of the PAHs was found on the right side of the rivers compared to the left. Sediments from the middle of the river (M) were more correlated to benzo[a]anthracene, chrysene, pyrene, fluoranthene, indenо [1,2,3-cd] The content of organic carbon in sediment has an important role in the retention of PAHs in soil and sediments [45] [46] [47] [48] . A higher TOC means a higher amount of PAH can be absorbed [49] .
Identifying PAH Sources
Two ratios of specific PAHs, Ant/(Ant+Phe) and Fla/ (Fla+Pyr), were considered as suitable to indicate the origins of the PAHs in river sediments [50, 51] .
PAH isomer ratios, Ant/(Ant+Phe) and Fla/(Fla+Pyr), were used to confirm PAH sources at the 31 sampling locations (Fig. 4.) . The Fla/(Fla+Pyr) ratio of 0.5 can be used to differentiate between pyrolytic and petrogenic origins. A Fla/(Fla+Pyr) ratio of under 0.4 indicates petroleum products, 0.4 to 0.5 indicates liquid fossil fuel combustion, and above 0.5 indicates grass, wood or coal combustion [52] .
All the sediments had high concentrations of HMW PAH (4-6 rings), with Fla being the predominant compound in most locations. Ratioplots of Ant/ (Ant+Phe) versus Fla/(Fla+Pyr) showed that the PAHs were mainly derived from pyrogenic combustion, such as grass, wood and coal combustion [53] . From Fig. 4 ., the Fla/(Fla+Pyr) ratio varied from 0.46 to 0.63, with average values of 0.53 and 0.55 for Fla and Fla+Pyr, respectively, for the Danube and Sava rivers.
Since these values were above 0.5 in all sediments, this suggested that these PAHs were predominantly of pyrogenic origin. The ratios ΣLMW/ΣHMW were <1 (0.340), for all the sampling locations, supporting the fact that the source of these PAHs was more likely to be the result of biomass or coal combustion.
Fla is less thermodynamically stable than Pyr and a predominance of the first compound over the second one is characteristic of pyrolytic sources. In the sediments, Fla (a 4-ring PAH) proved to be the most significant pollutant. Generally, greater concentrations of HMW PAHs than LMW PAHs were found in all sampling locations. Based on the studied source definition criteria, the PAH contaminants in the river sediments were mainly of pyrogenic origin. The PAHs from petrogenic input are usually characterised by high phenanthrene levels. As shown in Fig. 4 , an Ant/(Ant+Phe) ratio above 0.1 indicated combustion processes, whereas a ratio below 0.1 corresponded to petroleum contamination. The contribution of petrogenic sources to the PAHs in the river sediments was also evident at some sampling locations (D2, D16 and D20).
Conclusions
PAHs in Danube River sediments in 2016 ranged from 278.0 to 1675 µg kg -1 . In Sava River sediments PAHs were found to be higher than those measured in the Danube, ranging from 265.1 to 11272 µg kg -1 . Also, PAHs in sediments from other Danube tributaries ranged from 10 µg kg -1 to 4140 µg kg -1 . These results show that the Danube River sediments sampled are mostly not seriously polluted, according to both the Serbian and Dutch regulatory systems. However, the Sava River sediment at location S4, downstream from Šabac, is more polluted with PAHs. At this location, PAHs in the sediment are higher than the targeted and MAC values, but still lower than the level indicating that remediation is necessary, so the sediment at this location is class 3. The PAHs in sediments from the Sava and Danube in 2016 are similar to the values published in 2008 and 2013 [36, 54] .
The sediment organic carbon content plays an important role in controlling PAH concentrations in the sediments. According to the PCA performed, TOC is positively correlated with benzo[a]anthracene, chrysene, pyrene, fluoranthene, indeno [1,2,3-cd] 
pyrene, benzo[a] pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene.
According to the ratios of anthracene/ (anthracene+phenanthrene) and fluoranthene/ (fluoranthene+pyrene), the PAHs in most of these river sediments originate from pyrogenic sources.
In conclusion, the river sediments from the Danube and Sava rivers and their tributaries are mostly not seriously polluted with PAHs according to Serbian regulation and the Dutch national evaluation scheme. Information on levels of PAHs in ecosystems in and around the Danube and Sava rivers in Serbia, such as that provided in the current study, is required as a basis for implementing a permanent systematic approach in this region to protect and improve river sediment quality.
